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Coherent
Medium-Enhanced
Neutrino
Flavor Transformation



Coherently propagating

active neutrinos acquire effective masses

(like index of refraction) via forward scattering
on particles that carry weak charge.



The A potential arises from
charged current forward exchange
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A schematic view of
neutrino effective masses
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From this we can define a potential I AM = & @ (1= Y | = A
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stemming from the electron background:
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zero if electron distribution is isotropic



Neutrino-neutrino forward scattering
can dominate the potential in the early universe and

supernovae
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The neutrino ‘“background’ potentials arise from
neutral current forward exchange scattering, e.g.,

flavor diagonal potential B

flavor off-diagonal potential B,



Low-Temperature Neutrino Forward Scattering Potentials
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Flavor Basis Evolution | Y Ve, > neutrino born as v_ (a=e,t) at neutrino sphere
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Density Operators e.g., number of neutrinos of alpha flavor
R in a pencil of directions and energy
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First let’s discuss the case with small
flavor off-diagonal potential - this will give us
a physical feel for how Mikheyev-Smirnov-

Wolfenstein (MSW) medium-enhanced
neutrino flavor transformation works.

Example: There is no flavor off-diagonal potential
in the active-sterile neutrino flavor mixing channel.



Consider active-active neutrino mixing:

in vacuum

v, ) =cosO|v,)+sinf|v,) et
ere o,p = e,U,T

vﬁ> = —sinf|v,) + cos6|v, )

in ‘“medium,” in the early universe or supernova

V) =cosB,, (1) v,(t))+sinb,, ()v,(r))
v/3> = —sin6,, (¢)|v,()) + cos6,, (¢)|v,(1))

See for example:
Abazajian, Fuller, Patel, Phys. Rev. D64, 023501 (2001).



Neutrino Mass Level Crossing (MSW Resonance)
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ordinary MSW evolution of neutrino flavors

MSW resonance at neutrino energy
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At a given location expect only neutrinos 1P
in a narrow energy range to experience efficient
flavor conversion while anti-neutrino conversion
is suppressed. With the small measured
Neutrino mass-squared differences we expect
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effective in — medium mixing angles 0, and 0,

Vo) = cos O (t) |1 () + sinOps(t)|va(t))
v, ) = —sin Oy (8)|v1(2)) + cos O () |va(t))

Ve) = cos O ()| 71 (t)) + sin Oy (2)|72(2))
) = (t)

—sin Oy (1) |1 (8)) + cos O (8)|72(t))
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MSW : 0,; = /4 at resonances only; 37 ~ 0



Probability that neutrino changes its flavor on
propagating through an MSW resonance:

P%l—PLZ

Where Landau-Zener “jump probability™
(the probability that we jump between mass tracks)

1S T
Pz =e 27

, . resonance width
adiabaticity parameter v = 27 —
oscillation length at res.






But what happens when
we put in the flavor basis
off-diagonal potential ?



J. Carlson (2004)

Flavor Conversion vs. Radius
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instantaneous transformation between in-medium
mass states and flavor states

V) = cos by (t) v (1)) + e W sin Oy (8) |vg (1))
v) = —e®Wsin Oy (¢) (11 (8)) + cos Ou (8) |2 (2))

Ao cos 20y = Acos20 — A — B
A.get sin 20 = Asin20 + B, .

Aot = \/(ACOSZ@ — A— B)? +|Asin20 + B, |




Fuller & Qian astro-ph/0505240
Background Dominant Solution:
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Large Off-Diagonal Potentials Increase Adiabaticity

...by decreasing neutrino oscillation length at resonance
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Neutrino Mass Level Crossing (MSW Resonance)

resonance
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Proto Neutron Star Envelope Density Run

(1) Hydrostatic equilibrium:

GMNS my, re A 225
r Ty S100

TS ~

(2) Isentropic (constant entropy) flow & entropy in relativistic particles
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Neutrino-Driven Wind, r-Process Regime

conditions necessary for simultaneous neutrino & antineutrino flavor conversion
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Spin Polarization Analogy: Spin-One representation of SU(2)

Write flavor basis density operator in terms of Pauli spin matrices:

(pee peT)_P0j+Pxe+Pyay+PzUz I(PZ+P0 Px—ZPy>
B 2 2

Pre Prr B Pa:—l_ZPy PO_Pz
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Duan, Fuller, Qian, astro-ph/0511275
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Collective Neutrino Transformation in Supernovae A et

v
Analyze neutrino flavor evolution

in the “co-rotating frame,”

in analogy to the way @ (b)
electron spins are handled in, natural “fixed points” in system
e.g., atomic clocks

(see Baym “Lectures on T
Quantum Mechamcs”) AN

collective mode orbits
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om? =3 x 1073 eV? L, =10 ergs™!
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S0 now the question is:

Does nature ever find these solutions?



The flavor amplitude evolution history

of a given neutrino depends on the prior

amplitude evolution histories of the background neutrinos
which intersect its world line.

Y.-Z. Qian & G. M. Fuller, Phys. Rev. D51, 1479 (1995).

Macroscopic Quantum Coherence:
geometric and quantum entangling of flavor histories
of neutrinos on intersecting trajectories.



Solve this 1n a
mean field context

d
1&77&1/ — (Hvac + He + Hl/l/)wl/

H,y =V2Gr [(1-a- @) (pq ~ par) dd

Neutrinos with different initial
flavors, energies, and directions
have correlated evolution histories!




synchronization L =0 radial trajectory tangential trajectory

H. Duan, G. M. Fuller, J. Carlson, Y.-Z. Qian, astro-ph/0606616



cosine of v trajectory angle wrt. normal to n.s. surface
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macroscopic quantum coherence in neutrino/antineutrino fields
H. Duan, G. M. Fuller, J. Carlson, Y.-Z. Qian, astro-ph/0606616



om? > 0

om? < 0

e-flavor initial z-flavor initial e-flavor final z-flavor final

H. Duan, G. M. Fuller, J. Carlson, Y.-Z. Qian, astro-ph/0606616



S0, what happens when the active neutrinos
transform among themselves ?

Shock re-heating may be enhanced,

neutrino nucleosynthesis and signal affected.
(depending on where the transformation happens
and on the neutrino energy spectra)

- R-Process/Alpha-Effect problems may

or may not get worse.

—)




Neutrino Flavor Mixing

(active-sterile)



A possible neutrino physics solution to the alpha effect problem:

Matter-enhanced active-sterile transformation in the 3+1 scheme
coupled to hydrodynamics and weak rates (feedback):

V, <>V  and v <>V

1
A Y - —
“(6 3)

B> no alpha effect, extreme neutron excess, fission cycling in r-process
nicely tie together abundances of 130 and 195 peaks
(a fundamental feature of the observations).

McLaughlin, Fetter, Balantekin, Fuller, Phys. Rev. C39, 2873 (1999).
Fetter, Mclaughlin, Balantekin, Fuller PRD (2002).

Patel (unpublished, 2001) has considered neutrino background effects.
See also Caldwell, Fuller, & Qian, Phys. Rev. D61, 123005 (2000) for similar ‘242’ scheme.



r-Process Epoch at Early Times: Electron Fraction at 35 km (s = 70)

No Alpha; No Background
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